PCRs (50 µl) consisted of 0.75 pmols of sense-and complementary-strand primers, 3 µl of reaction buffer (500 mM KCl, 100 mM Tris-HCl [pH 9.0 at 25°C], 1.0% [vol/vol] Triton X-100), and 0.5 µl of Taq DNA polymerase (Promega). PCR conditions were initial denaturation at 94°C (4 min), then 45 cycles of 94°C (1 min), 54°C (1 min), and 72°C, (1 min) followed by a final extension at 72°C (10 min) in a Perkin Elmer 480 thermocycler. Amplicons were visualized in 1% agarose gels stained with ethidium bromide. Gels were denatured, neutralized, and transferred in 10× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate) overnight onto ZetaProbe GT membranes (BioRad, Hercules, CA) for Southern blot analysis. α-32 PdCTP-labeled probes were synthesized with a Random Primed DNA Labeling System (Life Technologies, Baltimore, MD) using clones 18 and 12 as templates. Clone 18 spanned nucleotides 25 to 983 and clone 12 spanned nucleotides 25 to 948 of the HSP 70 homolog genes of PMWaV-1 and 2, respectively (18). Blots were hybridized overnight at 65°C and washed two times at low stringency (20 mM sodium phosphate, pH 7.2; 5% sodium dodecyl sulfate [SDS] ) and two times at high stringency (20 mM sodium phosphate, pH 7.2; 1% SDS) for 30 min each at 65°C. Blots were exposed to Kodak X-OMAT film for 5 to 10 min.
Monoclonal antibody detection of PMWaVs. Nitro ME membranes (Micron Separations, Inc., Westborough, MA) were placed over several layers of paper towels and sandwiched in cardboard cassettes designed to allow blotting of pineapple leaf samples onto the membrane while providing rigidity to protect the membrane from breakage. The membranes in the cassettes with illustrated sampling instructions were mailed to pineapple growers and researchers around the world. Participants were asked to make transverse cuts through the basal white portion of pineapple leaves and to press the cut edge onto the membranes. Sample information, such as MWP symptoms, location and age of plant, and variety or cultivar, was also requested. Membranes were returned and processed first with monoclonal antibody (MAb) 35-6-5 for PMWaV-1 (13) and then with MAb 63-2-2 for PMWaV-2 (D. M. Sether PMWaV-1 elimination. PMWaV-1-infected pineapple crowns were given two heat treatments consisting of 35°C for 24 h followed immediately by either 58°C for 40 min or 56°C for 60 min in a water bath. Leaves were stripped from the crowns 24 h after the second heat treatment. PMWaV-1-infected crowns that received no heat treatment were included as controls. Axillary and apical buds were excised and surface sterilized in two washes with 15 and 10% bleach and 2 drops of Tween-20 per liter. Axillary buds were trimmed to 1-mmsquare blocks while in a 5% bleach solution with Tween-20. These pieces were rinsed in distilled water and placed in media W (Murashige and Skoog Basal Salts [MS salts], with N 6 -benzyladenine [BA] at 2 mg/liter, naphthalene acetic acid [NAA] at 2 mg/liter, and agar at 9 g/liter). Buds were transferred twice at 21-day intervals, then placed in B2 media (0.5× MS salts, organic constituents [glycine at 2.0 mg/liter, nicotinic acid at 0.5 mg/liter, pyridoxine HCl at 0.5 mg/liter, thiamine HCl at 0.1 mg/liter], thiamine HCl at 0.4 mg/liter, myo-inositol at 100 mg/liter, BA at 1 mg/liter, and sucrose at 30 g/liter). Once green leaves appeared, plantlets were transferred to Y2 media (0.5× MS salts, organic constituents, thiamine HCl at 0.4 mg/liter, myo-inositol at 100 mg/liter, sucrose at 30 g/liter, and DifcoBacto agar at 9 g/liter) for rooting and then transplanted to soil. Cultures were grown under a daily cycle of 16 h of light and 8 h of dark at 25°C. PMWaV-specific RT-PCR assays were performed prior to transplanting to soil. PMWaV-specific TBIAs were used 1 to 2 months after plants were established in soil.
RESULTS
Worldwide and local surveys. PMWaV-1 and PMWaV-2 were detected in pineapple leaves from around the world with PMWaV-specific TBIAs (Table 2) . Both viruses were detected in MWP-symptomatic and asymptomatic plants. All samples from plants described as symptomatic from Costa Rica, Guyana, and India, A. comosus F180s from Australia, and A. comosus 'Champaka' F153s from Honduras were infected with PMWaV-1. PMWaV-1 was not detected in any symptomatic plants from Malaysia (0 of 100) and was only detected in 33% of the samples from Brazil (Table 2) . Specific antibodies for PMWaV-2 were not available during initial screening of the blotted samples from the worldwide survey. When the MAbs for PMWaV-2 became available, the blots that were previously found to be negative with PMWaV-1 antibodies were reprobed with PMWaV-2-specific antibodies in TBIAs. PMWaV-2 was detected in 100% of the samples from MWP-symptomatic plants that were not already found infected with PMWaV-1. PMWaV-2 was also found in 19 of 44 samples (43%) from asymptomatic PMWaV-1-free plants ( Table  2) .
Surveys of Hawaiian plantations showed a 100% correlation of MWP symptoms with the presence of PMWaV-2 (Table 3) but not with PMWaV-1. Plants growing immediately adjacent to MWP-symptomatic plants in the same row exhibited much higher rates of PMWaV-1 and PMWaV-2 infection than did asymptomatic plants from MWP-free areas of the same field (Table 3) . Rates of PMWaV-2 infection in healthy-looking plants of Hawaiiangrown proprietary selections were generally much lower than PMWaV-1 infection rates (Table 3) . Comparisons of mean infection rates among crowns collected from seven plant crops and two ratoon crops showed a substantial decrease in PMWaV infection rates in the ratoon crops (Fig. 1) . PMWaV-1 and PMWaV-2 were both found in the pineapple accessions maintained at the USDA-ARS NCGR (Table 4) . PMWaV-1, PMWaV-2, or mixed infections of both PMWaVs were found in 33, 9, and 40% of the accessions, respectively. RT-PCR assays. RT-PCR amplicons of 589 bp were produced by primer set 225/226 (Table 1) , specific for PMWaV-1 (Fig. 2) , when used with RNA extracts from PMWaV-1-infected plants and PMWaV-1 and PMWaV-2 dually infected plants. Amplicons were not present in samples from plants that tested negative for PMWaV-1 with PMWaV-1-specific TBIA or in PMWaV-1-free plants that tested positive for PMWaV-2. Mealybugs reared on squash also tested negative with RT-PCR. RT-PCR amplicons of 609 bp were produced by primer set 224/223 (Table 1), specific for PMWaV-2 (Fig. 2) , when used with RNA extracts from PMWaV-2-infected plants, PMWaV-1 and PMWaV-2 dually infected plants, and mealybugs from PMWaV-2-infected plants.
Amplicons were not present in samples from plants that tested negative for PMWaV-2 with PMWaV-2-specific TBIA, PMWaV-2-free plants that tested positive for PMWaV-1, or mealybugs reared on squash. Southern blot analyses with 32 Plabeled clones 18 and 12, which encompass the 5′-ends of the HSP 70 homolog genes from PMWaV-1 and -2, respectively, showed high homology with the 589-bp (PMWaV-1) or 609-bp (PMWaV-2) amplicons, respectively (Fig. 2) . PMWaVspecific RT-PCR could detect virus in the floral bracts of infected plants as well as leaves from the crown or parent plant, whereas PMWaV-specific TBIA could not reliably detect virus in the floral bracts.
Potential alternate hosts and tests for immunity. No PMWaV infections were detected in field-collected samples from herbaceous weeds, shrubs, or trees growing adjacent to MWP-symptomatic pineapple fields (Table 5) . Also, no PMWaV infections were detected after exposure to PMWaV-viruliferous mealybugs in agave, banana, cassia, chenopodium, grasses, or tobacco, whereas A. comosus Smooth Cayenne controls were infected by PMWaV readily. Several plants commonly found in pineapple fields were found to be hosts of Dysmicoccus sp. mealybugs (Table 5) . No PMWaV-1-immune germ plasm was identified in the accessions maintained at the USDA-ARS NCGR. All pineapple plants
Elimination of PMWaV-1 infection. PMWaV-1 infection was eliminated through apical and axillary bud propagation in 92% of the plants recovered in all treatments (Table 6 ). Size of crowns showed no differences in percentage of PMWaV-1-free plants recovered. Heat treatments to the crowns prior to bud excision did not improve recovery of PMWaV-1-free plants. Plants that initially tested PMWaV-free with RT-PCR and TBIA assays after virus elimination were grown in soil for over 12 months and remained PMWaV-free based on PMWaV-specific TBIA and RT-PCR assays.
DISCUSSION
PMWaV-1-and PMWaV-2-specific TBIA assays showed that the two closteroviruses are distributed worldwide in both MWP-symptomatic and asymptomatic pineapple. This may indicate inadvertent transportation of systemically infected pineapple propagation material among countries. PMWaV-1 and PMWaV-2 were also found in the pineapple accessions maintained at the USDA-ARS NCGR in Hilo, on the island of Hawaii, and in the Hawaiian proprietary selections and hybrids grown on the islands of Maui and Oahu, where most of Hawaii's pineapple production occurs. In our study with selection number 6, significantly higher PMWaV infection rates were observed in plants immediately adjacent to MWPsymptomatic plants than in plants from healthy-appearing areas within the same field. This indicates that PMWaVs are acquired and transmitted in the field by their mealybug vectors. Mealybugs were always found in areas with MWP.
Only asymptomatic plants of the proprietary hybrids and three of the selections were available for testing at the time of this study. The hybrids are relatively new and have not yet been extensively cultivated; thus, these hybrids have not had the decades of mealybug exposure in the field that the other cultivated selections have had. We are currently testing the hybrids for susceptibility to MWP when exposed to both mealybugs and infected with PMWaV-2. The absence of PMWaV-1 and PMWaV-2 infection in hybrid 7 is likely due to the small number of samples tested and the absence of exposure to viruliferous mealybugs under field conditions. We have been able to infect plants from hybrid 7 with PMWaV-2 using viruliferous mealybugs (D. M. Sether and J. S. Hu, unpublished data). MWP has previously been observed in the proprietary selections 1, 3, and 4 (12). In a separate study, MWPsymptomatic plants from these three selections were found to be infected with
PMWaV-2 (D. M. Sether and J. S. Hu, unpublished data).
RT-PCR assays, confirmed by Southern analyses, were developed to detect and distinguish PMWaV-1 and PMWaV-2 infections. These assays provided a sensitive alternative to immunosorbent electron microscopy for confirming TBIA results. PMWaV-specific RT-PCR assays could detect PMWaV infections in floral bracts, which typically are not good sampling sources for TBIA assays. PMWaV-2 was detected in 100% of the MWP-symptomatic plants in the Hawaiian proprietary selections and in 100% of the MWP-symptomatic plants from around the world that were found to be PMWaV-1 negative. Previously, we found that MWP does not occur without the presence of both PMWaV-2 and mealybug feeding (D. M. Sether and J. S. Hu, unpublished data). PMWaV-1 and mealybug feeding does not result in MWP, nor does infection with PMWaV-2 in the absence of mealybug exposure (D. M.
Sether and J. S. Hu, unpublished data).
The correlation of PMWaV-2 infection and MWP in both the Hawaiian and worldwide surveys supports our earlier findings that PMWaV-2 infection is an integral part of MWP etiology.
To date, pineapple of Ananas and Pseudoananus spp. are the only known plant hosts of PMWaV-1 and PMWaV-2. No alternate PMWaV hosts were identified, although several species in the Poaceae and Liliaceae families that occur in the borders around pineapple fields were identified as mealybug hosts and were eliminated as sources of PMWaV which could be transmitted to the pineapple crops. The most common weeds were screened for PMWaVs with TBIA and RT-PCR assays and were also challenged with PMWaVviruliferous mealybugs. We suggest that MWP outbreaks observed on plantations are likely the result of initially nonviruliferous mealybugs, introduced from adjacent alternate mealybug hosts, becoming established on existing PMWaV-2-infected plants. These plants may subsequently develop MWP. Secondary spread of PMWaV then occurs as mealybugs move from infected plants to PMWaV-free plants. Our serological and RT-PCR assays showed that PMWaV infection rates were significantly higher in areas with mealybugs and MWP, indicating that transmission of PMWaVs occurs in the field. There is no evidence that PMWaV-1 and PMWaV-2 are mechanically transmitted between pineapple plants. Crown materials used for planting new crops are dipped in an insecticide effective against mealybugs prior to being planted. We suggest that eliminating alternate hosts of mealybugs from areas adjacent to pineapple fields and eliminating PMWaV-2-infected pineapple within the field could serve as alternatives for managing MWP.
Identification of PMWaV-infected plants on the massive scale that would be required for converting a plantation over to PMWaV-2-free planting material would be a major financial and technological undertaking. However, small-scale efforts to reduce PMWaV-2-infected plant material in the field could lessen the chances of MWP occurring in the event that mealybugs infestations do occur. One method for reducing PMWaV-2 source plants is to rogue MWP-symptomatic plants and other pineapple plants in the immediate vicinity of symptomatic plants. The distance that constitutes "immediate vicinity" remains to be established and will likely have to account for mealybug population size, duration of exposure, and initial PMWaV-2 infection rate in the crop. Roguing of MWP-symptomatic plants was a common practice in the Hawaiian pineapple industry until the last few decades, when chemical approaches to mealybug control became routine and the costs of labor increased. It has previously been shown that MWP tends to occur in aggregated patterns (14). We suggest that crowns from plants exhibiting mealybug wilt or plants immediately adjacent to MWP-symptomatic plants should not be used for replanting. Under some conditions, MWP-symptomatic plants can recover and new leaves do not exhibit MWP symptoms (7, D. M. Sether and J. S. Hu, unpublished data), yet the plants and the propagules remain infected with virus. This recovery state necessitates identifying and marking MWP areas while they are apparent so that propagules collected at a later time will not be used for new plantings.
PMWaV-2 infection is much less common than PMWaV-1 infection in Hawaii. MWP-symptomatic plants may simply fail to produce fruit or propagules. Previously, we detected a reduction in the number of fruit produced in the ratoon cycle from PMWaV-infected plants relative to PMWaV-free plants (23) . We have repeatedly observed lower PMWaV-2 infection rates in crown propagules from healthy-appearing ratoon crops than from crowns produced on healthy-appearing plant crops. Selection against PMWaV-2-infected MWP-symptomatic plants may already be occurring. Crown material is usually harvested simultaneously with the fruit. We have previously shown positive correlations between PMWaV infection and precocious, or premature, fruit matu- ration (20). Unless special efforts are made to harvest precocious fruit, these fruit and the accompanying crown can be lost. If MWP plants are fruiting asynchronously with other plants, then crowns from MWP-symptomatic and, concomitantly, PMWaV-2-infected crowns are selected against. Elimination of PMWaV-1-infection was achieved through apical and lateral bud propagation. Plants derived from infected crowns that were determined to be PMWaV-free following bud propagation remained free of infection after being planted to soil for over 12 months. This method provides a means of recovering PMWaV-free material from infected propagation material. It is especially valuable for pineapple selections which are 100% infected with at least one PMWaV, such as the Hawaiian proprietary selection number 5 (12), and for the accessions maintained at the USDA-ARS NCGR. Treatment of the crowns with heat prior to excising buds did not ensure that buds were PMWaV free. Rather, trimming the bud to a 1-mm square or smaller appeared to be the critical factor for recovering PMWaV-1-free plants. Similar experiments to eliminate PMWaV-2 are in progress. NT U w Plants were tested for PMWaV-1 or -2 with PMWaV-specific reverse transcription-polymerase chain reaction and tissue blot immunoassay; number positive/total number of plants tested; NT = not tested. x Plants were inoculated with PMWaV viruliferous mealybugs (VMB). y + = mealybug host; -= refractory to mealybug feeding; +/-= mealybugs survived on the plant for 5 days but plant was not a preferred host; U = unknown. z Previously identified as a host of Dysmicoccus brevipes (17). w Crowns were submerged in a water bath at a given temperature/duration of treatment.
x Immediately following first heat treatment, crowns were submerged at a given temperature/duration of treatment. y Total number of crowns used/total number of excised buds from each crown. z Total number of PMWaV-free plants based on PMWaV-1-specific reverse transcription-polymerase chain reaction assays and tissue blot immunoassays/total number surviving excision; percentage of PMWaV-1-free plants.
